Melanin is one of the most widely distributed pigments and is found in bacteria, fungi, plants and animals. It is a heterogeneous polyphenol-like biopolymer with a complex structure and colors varying from yellow to black.
The role of melanin is to protect the skin from ultraviolet (UV) damage by absorbing UV sunlight and removing reactive oxygen species (ROS). Melanin is formed through a series of oxidative reactions involving the amino acid tyrosine in the presence of tyrosinase. 3) Tyrosinase (monophenol monooxygenase EC 1.14.18.1) is a copper-containing enzyme widely found in plants and animals. 4) It is known to be a key enzyme for melanin biosynthesis in plants, microorganisms and mammalian cells. The enzyme catalyzes two distinct reactions: the hydroxylation of monophenols to o-diphenols (monophenolase activity), and the oxidation of o-diphenols to o-quinones (diphenolase activity). 5) Quinones are highly reactive compounds and can polymerize spontaneously to form high-molecular-weight compounds or brown pigment (melanin). 6) These quinones can also react with amino acids and proteins that enhance the brown color produced. Because tyrosinase is one of the most important key enzymes in the insect molting process, investigation of its inhibitors may be important in finding alternative insect control agents. 3) Many tyrosinase inhibitors have been tested in cosmetics and pharmaceuticals as a way of preventing overproduction of melanin in epidermal layers. [7] [8] [9] Among the conventional skin-whitening agents, hydroquinone (HQ) is one of those most often prescribed. 10, 11) HQ can cause reversible inhibition of the cellular metabolism by affecting both DNA and RNA synthesis. Hence, it is considered to be a potent melanocyte cytotoxic agent but has also been reported to induce mutations. Arbutin, a naturally occurring HQ b-D-gluconopyranoside, which is depigmented at non-cytotoxic concentrations, acts similarly HQ. In both normal human melanocytes and melanoma cells, arbutin induces a decrease of tyrosinase activity without affecting messenger RNA (mRNA) expression. 12) Kojic acid is an antibiotic produced by many species of Asperigillus and Penicillum. The depigmenting action is attributed to the chelating ability and a good scavenger of free radicals. 13, 14) In our preliminary screening using mushroom tyrosinase, the extract of Gastrodia elata Blume (Orchidaceae) (GE) was found to show significant inhibitory activity for tyrosine hydroxylation. 4HBA was characterized as the principal inhibitor from GE extract. 4HBA is a phenolic compound and is synthesized from phenol and formaldehyde by hydroxymethylation. Early studies pointed out that it had sedative and anticonvulsive effects by acting on central GABA receptors, [15] [16] [17] [18] [19] [20] [21] [22] [23] and possessed antioxidant and free radical scavenging activity. 20, 21) More recently, 4HBA attenuated the drug-induced acquisition impairment in the passive avoidance task, which acted by suppressing the dopaminergic and serotonergic activities. 24) To clarify the mechanism of 4HBA, we studied its inhibitory action on the melanin synthetic enzyme and its effects on the melanin production in cultured mouse melanocytes. Enzyme Assay The mushroom tyrosinase (EC 1.14.18.1) used for the bioassay was purchased from Sigma. The en-zyme activity was monitored by dopachrome formation at 475 nm for an appropriate period (not exceeding 10 min, unless otherwise noted). The assay was performed as previously described. 25) First, 0.8 mM L-tyrosine aqueous solution was mixed with 900 ml of 0.1 M phosphate buffer (pH 6.8), and incubated at 25°C for 10 min. Then, the sample solution and mushroom tyrosinase (40.0 units/ml) were added in this order to the mixture. This solution was immediately monitored for the formation of dopachrome by measuring the linear increase in optical density at 475 nm.
MATERIALS AND METHODS

Chemicals
Kinetic Analysis The progress-of-substrate reaction method previously described 26) was used for the study of the inactivation kinetics of mushroom tyrosinase.
Fluorescence Emission Spectra Ten microliters of mushroom tyrosinase solution (40.0 units/ml) was incubated in 1 ml of 0.8 M phosphate sodium buffer pH 6.8 containing different concentrations of 4HBA at 30°C for 5 min before determination of the fluorescence spectra. The assay was performed as previously described.
27) The excitation wavelength was 284.2 nm.
Cell Culture Mouse melanocyte (B16) was purchased from the Bioresource Collection and Research Center (Hsinchu, Taiwan). The cells were cultured in DMEM supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO 2 in air. After 3 d culture, the cells were harvested after trypsinization, counted by tryptan blue inclusion under microscopy, and assayed for melanin content and cellular tyrosinase activity.
Melanin Assay Melanin content was determined using the published protocol with minor modifications. 28) After washing cells with PBS, we decanted the wash by inversion and emptied the wells by tapping the inverted plates onto paper towels. The cells were lysed with 1 ml of 1 N NaOH and pipetted repeatedly to homogenize. Relative melanin content was determined by optical density at 490 nm using a spectrophotometer and the melanin content was calculated as mg/10 6 cells. Assay of Cellular Tyrosinase Activity Cellular tyrosinase activity using L-DOPA as the substrate was assayed based on the method of Tomita et al. 29) Mouse melanocytes (2.0ϫ10 4 /well) placed in12-well plates in 1.0 ml of medium containing various concentrations of 4HBA were incubated for 3 d. The sample-treated cells were washed with PBS(Ϫ) and lysed with 0.5% Triton-X/PBS(Ϫ). Those lysated were mixed by vibration, and 0.8 mM L-DOPA was added to each sample. After incubation at 37°C for 3 h, the absorbance at 475 nm was measured by a spectrophotometer.
RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Total RNA was extracted from B16 melanoma cells using TRIZOL-reagent according to the manufacturer's protocol. RNA samples (2 mg/reaction) were reverse-transcribed with Superscript in the presence of oligo-dT, and RT reaction was used for amplification with Taq polymerase. The resulting cDNA was amplified using specific primers. The following specific primers for the mouse tyrosinase gene: 5Ј-GGCCAGCT-TTCAGGCAGAGGT-3Ј and 5Ј-TGGTGCTTCATGGGCA-AAATC-3Ј. Specific primers for the mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene: 5Ј-GGCCA-GCTTTCAGGCAGAGGT-3Ј and 5Ј-TGGTGCTTCATGG-GCAAAATC-3Ј. The PCR produced were separated by electrophoresis on 1.3% agarose gel. Statistics Significant differences between results were determined by Student's t-test. p values of Ͻ0.05 were taken to be significant.
RESULTS
Kinetic Study of 4HBA 4HBA (p-hydroxybenzyl alcohol) (see Fig. 1 for structures) showed a dose-dependent inhibitory effect on the tyrosinase (shown in Table 1 ). Inhibitory effects of mushroom tyrosinase in the different concentrations of 4HBA are also shown in the Table 1 . As the concentration of 4HBA increased, the enzyme activity rapidly decreased. We also compared with other tyrosinase inhibitors, and the results showed that all compounds at concentrations of 10 to 400 mM exhibited dose-dependent inhibitions on the enzyme activity. The 4HBA of inhibitory concentration (IC 50 ) leading to 50% activity lost was estimated to be 350.64 mM, while those of HQ, arbutin and kojic acid were 91.6, 329.16, and 388.1 mM, respectively.
The oxidation of L-tyrosine catalyzed by mushroom tyrosinase in the different concentrations 4HBA is shown in Fig. 2 . At each concentration, the production rates gradually decreased with time until they ceased completely, which indicated that the enzyme activity could be completely inhibited by 4HBA. If the reaction time was sufficient, the concentration of the product approached a constant final value. The concentration of the product decreased with increasing 4HBA concentrations. The results showed that the enzyme can bind to 4HBA and the enzyme activity was totally lost by 1136 Vol. 30, No. 6 Conformation Changes of Tyrosinase with Different 4HBA Concentrations The interaction of 4HBA with mushroom tyrosinase and the conformational changes on the tyrosinase were studied by fluorescence emission spectra. These spectra of the enzyme were collected at different concentrations of 4HBA. The tyrosinase had a strong fluorescence emission peak at 337 nm under an excitation at 284.2 nm. Figure 3 shows that the increase of 4HBA concentration caused the fluorescence emission intensity to decrease proportionally. The results indicated that the tyrosinase bound to the 4HBA and induced the enzyme conformation changes, and then caused total loss of the enzyme. We also investigated using other tyrosinase inhibitors and found that the inhibitory effect of HQ and arbutin is not associated with conformation changes (data not shown).
Effect of 4HBA on Melanin Synthesis and Cellular Tyrosinase Activity The effects of 4HBA inhibition on melanogenesis were studied by measuring melanin synthesis and tyrosinase activity in B16 cells after the treatment with 4HBA. Photographs in Fig. 4A show the color of pellets of (Fig. 4B) . The 4HBA treated cells were markedly less pigmented. Treatment with 4HBA at different concentrations for 3 d evidently inhibited melanin formation and tyrosinase activity in mouse melanocytes, and the cellular content of melanin decreased with increasing 4HBA concentrations. As shown in Fig. 4C , melanin synthesis was greatly inhibited at 1.0 mM of 4HBA, where melanin content was reduced to just 45% of that in untreated cells.
We next examined the inhibitory action of 4HBA on cellular tyrosinase activity in mouse cells, as shown in Fig. 4D . The alcohol caused a concentration-dependent inhibition in cellular tyrosinase activity, which was reduced to 32.3% of that in control at 0.5 mM of 4HBA.
Effects of 4HBA on Cell Viability The depigmenting effect of 4HBA was thought to be attributable to either inhibition of tyrosinase or to the reduction of the number of melanocytes due to cytotoxicity. The latter possibility was excluded by comparing the number of cells cultured in the different concentrations of 4HBA, where no significant decrease in cell viability was observed when the concentration was below 1.0 mM (as shown in Fig. 4E ).
Effects of 4HBA on the Expression of the Tyrosinase Gene The expression level of tyrosinase mRNA was examined by a semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) assay. The cellular RNA was extracted from cells treated with different concentrations of 4HBA for 3 d. The results in Fig. 5 indicate that no significant difference was observed in tyrosinase gene expression between the 4HBA-treated and non-treated cells. Thus, it is concluded that no repression of tyrosinase gene was induced by 4HBA.
DISCUSSION
Avoiding UV exposure, inhibiting tyrosinase and repressing melanocyte metabolism and proliferation can reduce melanin synthesis. Among these, tyrosinase inhibitors are thought most useful for treating pigmentation and are used as skin-whitening agents in the cosmetic industry. 9, 30, 31) In our investigation, we found that p-hydroxybenzyl alcohol (4HBA) dose-dependently reduced the mushroom tyrosinase activity and the melanogenesis of murine melanoma B16.
Enzyme kinetics experiments show that 4HBA, like cetylpyridinium chloride 32) and 3,5-dihydroxyphenyl decanoate, 33) is an irreversible inhibitor of tyrosinase activity. The kinetics of irreversible modification of enzyme activity was described earlier. 26, 32, 33) The definition of irreversibility of inhibition indicates that enzyme activity is not recovered during the time-scale of the experiment.
34) The result of irreversible inhibition reaction is that the product formed at time infinity, [P] ϱ , approaches a constant value. 35) Our results disclosed that the inhibition of the enzyme by 4HBA is irreversible. When 4HBA bound to the enzyme, the conformation of the enzyme was changed and thus the enzyme was inactivated. The inhibition kinetics is well described by Tsou, 26) and has been widely used in studies of the inactivation of various enzymes.
To evaluate the inhibitory effects of 4HBA on melanogenesis in mouse melanocytes, we compared the inhibitory effects of hydroquinone, 4HBA, arbutin and kojic acid on melanin formation and tyrosinase activity. In this study, hydroquinone and 4HBA showed stronger inhibitory effects on melanin content than did arbutin and kojic acid. When B16 cells were treated with 1.0 mM of 4HBA for 3 d, melanin production was reduced to 45% of that in control. However, at a concentration less than 0.1 mM, 4HBA showed a slight inhibition of melanin content which was similar to arbutin and kojic acid. After treatment with 4HBA, tyrosinase activity was reduced to 30.96% of that in untreated cells, an inhibitory effect better than other agents, and did not affect cell growth at under 1.0 mM 4HBA. Hydroquinone, on the contrary, has obvious cytotoxicity to melanocytes.
The expression level of tyrosinase mRNA was not affected by 4HBA. The suppression of melanin synthesis by 4HBA was thus attributed to its behavior in inhibiting cellular tyrosinase activity.
In the present study, we demonstrated that 4HBA exhibits an inhibitory effect on melanogenesis in mouse melanocytes at noncytotoxic concentrations. Melanin synthesis in cells treated with 4HBA at 1.0 mM was reduced to 45% of that in untreated cells. The cellular tyrosinase activity of B16 cells was reduced to 32.3% of that in control at 0.5 mM of 4HBA.
In conclusion, these results of low cytotoxicity, high inhibition of melanin synthesis and lack of effect on gene expression suggest that 4HBA can be a potential agent for skin lightening to be used in cosmetic products. 
